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High-yield neutron activation system for the National Ignition Facility
Cris W. Barnes,a) Thomas J. Murphy, and John A. Oertel
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

~Presented on 20 June 2000!

The most accurate absolutely calibrated measurement of the total yield of neutrons from
experiments on the National Ignition Facility will be from activation of threshold nuclear reactions.
The high-yield neutron activation system is being designed to provide high-accuracy~similar to the
67% achieved on other fusion experiments! linear measurements over a 9-order-of-magnitude
dynamic range from the facility limit of;1019 neutrons/shot down to a minimum of;331010

neutrons/shot. The system design requirements are presented, and a conceptual design to meet those
requirements described. ©2001 American Institute of Physics.@DOI: 10.1063/1.1319360#
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I. INTRODUCTION

The total fusion energy production from inertial confin
ment fusion targets at the National Ignition Facility~NIF!
will be measured by a variety of fusion product diagnosti
Possibly the most accurate and precise determination o
total neutron yield over extreme dynamic range comes fr
radioactivity produced by threshold nuclear reactions
small samples placed near the target and then subsequ
removed to count the gamma-ray activation. Such techniq
have achieved67% ~one-sigma! accuracy on magnetic fu
sion devices such as the Tokamak Fusion Test Rea
~TFTR!1 and the Joint European Torus~JET!, and have dem-
onstrated dynamic range between shots while maintain
this accuracy of over six orders of magnitude.2

The high-yield system for NIF uses thin elemen
samples~‘‘foils’’ ! for which the gamma-ray detection effi
ciency can be calculated accurately from first principl
Then using dosimetric cross sections and standard nuc
physics parameters, the measured fluence can be determ
and turned into total yield using neutronics modeling of t
target chamber. Such a system can work down
106 neutrons/cm2 which, assuming a 50 cm ‘‘exclusion ra
dius’’ or minimum distance to the laser-driven target, mea
minimum yields of 331010 neutrons/shot. By increasing th
sample distance to near the target chamber wall~4 m!, re-
ducing the sample mass, and increasing the counting
yields up to the maximum allowable on the system can
measured. A complementary low-yield activation syste3

will use larger masses to achieve higher sensitivity and
use associated particle methods4 at an accelerator to dete
mine the calibration.

In this article the system design requirements will
detailed for the high-yield neutron activation system on N
A pneumatic transport system similar to that used on TF
and designed for the International Thermonuclear Exp
mental Reactor~ITER!5 will be described as well as the re
quirements for the ‘‘irradiation ends’’ or reentrant equipme
used to position the samples for activation and also
counting system. After this Introduction, Sec. II describes

a!Electronic mail:cbarnes@lanl.gov
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design requirements the system should meet, and Sec
presents the initial conceptual design to meet those requ
ments.

II. SYSTEM DESIGN REQUIREMENTS

The neutron yield activation system shall be deploy
for all neutron producing experiments and be used to m
sure the total neutron yield of a shot above various thre
olds set by the activation reactions.

The absolute calibration of the high-yield neutron ac
vation system for NIF will come from a ‘‘first principles’’
approach using dosimetric cross sections, known nuc
data,6 absolutely calibrated analytical balances and gamm
ray sources, and calculations of gamma-ray efficiency of
tection to ‘‘thin’’ activated foils. The systematic correctio
from calculations of self-attenuation of gamma rays in t
foils from the finite extent of the sources should be small
achieve high system accuracy. This limits the maximum s
of the foils to be used to typically a few grams. Based
previous experience, the measurable fluence with small
tistical counting error will be;106 n/cm2. ~The low-yield
system,3 using accelerator-based associated part
techniques4 and larger masses should work down to 15

n/cm2 or lower.! Assuming an exclusion radius of 50 cm
allowed,7 this allows measurements of minimum yields
;331010 neutrons/shot.

The system must work up to 1019 neutrons per pulse
which is over 20 MJ of fusion energy, the facility limit. Thi
is a fluence of;1013 n/cm2 when the sample is near th
vacuum vessel wall. Thus, the system needs;9 orders-of-
magnitude dynamic range in the yield. At these high fl
ences, even small masses require remote handling to m
tain ‘‘as low as reasonably achievable’’~ALARA ! radiation
safety to personnel.

In deuterium–deuterium~DD! shots, one should be abl
to measure the deuterium/tritium~secondary! yield as well
using threshold reactions. It is useful to be able to measu
variety of reactions for cross-calibration and error reductio2

and to determine the neutron spectrum.8

(a) Samples:The same transport system will be used f
both the low-yield and high-yield systems. Sample size of
© 2001 American Institute of Physics
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819Rev. Sci. Instrum., Vol. 72, No. 1, January 2001 Plasma diagnostics
to ten’s of grams and liquid samples should be possible.
Operation and handling of radioactive material sho

follow ALARA requirements. Radioactive samples must
safely stored someplace. This should be close to the coun
room for ALARA purposes, but not in that same room@the
pneumatic switchyard room~see below! would be a good
place#.

(b) Irradiation ends:Reentrant irradiation ends exten
ing well inside the vacuum vessel wall and close to the tar
are needed to provide a low-scattering environment for n
tron activation measurements. At least two irradiation e
are needed~at roughly ‘‘equivalent’’ locations, that is simila
polar angleu but different azimuthal anglef! for cross cali-
brations. Data from different azimuthal angles~representing
pole, equator, and in between of implosion! should be taken,
to look for possible~but unlikely! emission anisotropy and
possible spectrum changes using threshold reactions s
tive to such changes. Such emission anisotropy is most lik
to show up~if at all! between pole and equator of the hoh
raum drive rather than at differentf angles. Thus we would
like at least three~preferably four! irradiation ends on the
vacuum vessel, one near the top or bottom~at the pole of the
implosion!, a couple on the equator~or near it!, and one
midway between the equator and the pole. Such irradia
locations spaced inu would also be useful to look for neu
tron spectrum changes using threshold reactions. Each
diation location should be able to be placed close (;50 cm!
to target chamber center or at distances further out@4 m from
target chamber center~TCC! or 1 m from wall might be
maximum location#.

(c) Gamma-ray detectors:We will want one high-
energy-resolution counting system, preferably with very l
background, and another counting system perhaps of h
efficiency ~trading off energy resolution! also with very low
background. Once high-resolution analysis of particu
types of foils have confirmed no competing lines or ba
ground, simple low resolution but robust detectors can
used. Since multiple samples may be desired to be count
once, two such simple robust systems may be needed. T
needs to be at least one NIM crate~probably two!.

(d) Computer control:All three ~or more! counting sys-
tems should be controllable from a single workstation~con-
nected to network!. This workstation should also commun
cate with the pneumatic system control~see below! to help
keep an audit trail of samples~what has been sent wher
when!. Official system shot number and time~universal time
accurate to 1 s! should be available as input to the comput
Diagnostic status~sample in place and ready! should be
broadcast to system control~see standards for suc
systems9!. Results~yields! should be available online within
a day, with preliminary results available within 2 h.

(e) Pneumatic transfer system:There should be a pneu
matic system to automatically return samples and minim
handling of radioactive material. Flexibility in routing cap
sules from different irradiation ends to different detectors
needed, both in operation and in adding future system c
ponents.

Activated air within the pneumatic system will have
be flushed. Some valves in the target bay can help with t
Downloaded 22 May 2001 to 128.165.156.80. Redistribution subject to 
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but any switchyard room~see below! may also need to be
considered off limits during ignition operation.

III. CONCEPTUAL DESIGN TO MEET REQUIREMENTS

(a) Irradiation locations:While two irradiation locations
at similaru angles are needed for cross-calibration purpos
the position of the other two locations is questionable. Wh
observing neutron emission anisotropy or even energy
isotropy is not highly likely on NIF, any such anisotropy
more likely to be seen between the pole and the equator
present, ports P63-230, P63-300, P117-50, and P117
have been allocated for neutron activation irradiation en
all at 63° angle from the poles. We would like access to a
in. outer diameter~o.d.! subflange of a P7 port, and to P36
176, but this will require iteration of the irradiation end d
sign and other diagnostics near those locations. Figur
shows the proposed locations for neutron activation irrad
tion ends.

Activation by neutrons can provide a highly accura
determination of the neutron fluence through the eleme
foils exposed to the fusion source. The desired measurem
however, is the total fusion energy from the yield of th
inertial confinement fusion target. The ratio of energ
dependent fluence to total fusion yield will be calculat
using a fully three-dimensional Monte Carlo calculation1

The calibration technique to be used by this system will
low inclusion of effects caused by any energy-depend
neutron spectra. These calculations allow the effects of n
tron scattering from the device structure to be evaluated
different locations.

To achieve the desired 9-orders-of-magnitude dyna
range while maintaining linearity and high accuracy, seve
techniques will be used in parallel. Changing the radial lo
tion of the sample by moving the irradiation end can prov
a factor of (400/50)2564. The sample mass can be chang
from ;5 g to 100 mg or another factor of 50. Decay f
several half-lives is ineffective in operation and provides fa
tors of a few at best. Similar factors of a few are available
choosing different materials with different dosimetric cro
sections. Count rate at the detector can vary linearly abo
factor of 104 between problems with background noise a
high-count-rate pileup. The count duration and statistical

FIG. 1. Location on NIF of ports to be used for neutron activation. The po
are labeled with the polar angle and azimuthal angle on the NIF vessel,
P36-176 being 36° from the top.
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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820 Rev. Sci. Instrum., Vol. 72, No. 1, January 2001 Barnes, Murphy, and Oertel
ror accepted can also be varied to provide an additional
tor of 10. Finally, if necessary, the distance of the sample
the detector can be increased to reduce the counting
ciency.

The expected dynamic range of the system can be il
trated by two examples. Using the28Si(n,p) reaction, 5 g of
pure silicon irradiated by total yield of 331010 neutrons at
0.5 m from the target and counted for 300 s~more than twice
the 134 s half-life of the decay! with a 1% efficient detector
would provide 150 counts. This number of counts could
increased with higher efficiency detection at the 1779 k
gamma-ray energy or by being closer to the target. At
full 1019 neutron yields, 100 mg of pure aluminum irradiat
at 4 m and counted for 1000 s with a 1% efficient detec
using the27Al( n,a) reaction would provide 1.33105 counts
or 130 cps which is not too high a count rate.

Figure 2 shows the initial design for an NIF neutro
activation irradiation end. The positioner at the irradiati
end will have bellows and encoded rack and pinion and
remotely controlled by the activation control system. T
bellows, rack, etc. all fit on a 6 in. inner diameter~i.d.!
flange. For a 3.5 m throw~from 4 to 0.5 m from TCC! we
need that much space external to the vessel as well. Th
supply and moving parts are all at atmosphere.

(b) Pneumatic transfer system:A ‘‘carousel’’ switch
system that allows a sample capsule from any irradiation
to be routed to any detector, as implemented at JET, is
easiest and most flexible. This carousel switchyard/hold
area will need to be a separate room from the count
detector room for safety purposes. The computer contro
the pneumatic system will require a computer/electron
rack.

The same 1 in. o.d. 2.5 in. long capsules used on TF
~with 0.75 in. i.d. and 2 in. high central cavity! can thus hold
up to 15 cm3 which should be sufficient to handle the tens
grams of samples required for the most sensitive meas
ments. Further thought is needed about safety aspects u
liquid samples. Some sort of double encapsulation will p

FIG. 2. Conceptual design of extendible irradiation end capable of posit
ing sample capsule from the vacuum vessel wall to within 50 cm of ta
chamber center. The irradiation end fits on a vacuum flange and p
towards target chamber center.
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sibly be required as the single shell capsules can crack du
use. Figure 3 shows a typical layout in a plan view of t
NIF facility for how the pneumatic lines can get from th
target chamber to the carousel room and thence to the co
ing room.

A critical issue in routing the pneumatic system is t
minimum radius of curvature allowed and available. One c
support10 about a 10 in. radius of curvature for a 1 in. capsule
in 1 1/8 in. i.d. tubes, as on TFTR.

Figure 4 shows a piping and instrumentation diagram
the pneumatic system. Such a layout allows for flexible o

n-
t
ts

FIG. 3. Diagram showing possible routing of pneumatic transfer sys
from the NIF target chamber to the carousel switchyard room and then to
counting laboratory.

FIG. 4. Piping and instrumentation diagram for pneumatic transport sys
allowing capability of flushing activated air and providing flexible routing
capsules.
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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821Rev. Sci. Instrum., Vol. 72, No. 1, January 2001 Plasma diagnostics
eration of the system, and safe flushing of activated air d
ing high yield operation. We will plan to use compressed
as the propellant, as that is simplest and there is no nee
any gas lower in activation or with better thermal conduct
ity.

Monitoring of capsule location and arrival is necessa
to system operation. As in the ITER design10 we plan to use
plugging of the channel by the capsule and the resul
pressure change as a robust radiation-insensitive monito
capsule arrival at the irradiation end. More usual electri
and optical techniques~such as fiber optic loops where th
light is interrupted by passing samples! can be used at the
airlocks and carousel and counting rooms where the ra
tion environment is not an issue. This requires fibers rou
along pneumatic tubes and electronic equipment in diagn
tic racks outside target bay that then communicate with co
puters in the counting room. For irradiation ends on
‘‘bottom’’ of the vacuum vessel, samples will need to b
kept in place either by continuously blowing air or som
fail-safe latching mechanism~the first option works on JET
and is fail safe itself!.

(c) Detectors:The high-energy-resolution systems wi
low background would be high-purity germanium cryoge
cally cooled detectors in a shielded environment, one a w
detector with high efficiency. Different materials tend
have different half-lives and can be effectively counted
quentially on the same detector, thus minimizing the need
multiple detectors when multiple activation samples
used. For the simple robust systems we propose using l
NaI scintillators. An absolutely calibrated gamma-ray sou
is needed, and it must be replaced each year or two. Fin
a long half-life, weak source in a capsule is needed for r
tine monitoring of system stability.5

While good accuracy has been achieved with neut
activation systems, some design work is needed to try
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improve precision or repeatability of measurements. Rand
perturbations of where the capsule with activated sampl
with respect to either the detector or the fusion source
vary the system efficiency. This causes an imprecision
yond anything due to counting statistics which should be
limiting factor.
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